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Abstract
We demonstrate a 13-fold increase in hard x-ray bremsstrahlung yield (10 - 200 keV) emitted
by a copper plasma created by 100 fs, 806 nm pulses at 1014 − 1015 Wcm−2. This enhancement
is achieved by depositing a thin film of copper nanoparticles of size 15 nm, on the target surface.
A simple model that invokes local field modifications by surface plasmon excitation and ‘lightning
rod’ effects explains the observed enhancement quantitatively and provides pointers to the design
of structured surfaces for maximizing the emission.
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The interaction of intense, ultrashort laser pulses with solid plasmas is of immense interest
not only from a basic physics point of view but also due to their promise as micron-sized
sources of ultrashort x-rays, in areas like lithography and time resolved diffraction [1, 2].
Methods to enhance the x-ray yield are of great importance, and the influence of various
laser and target conditions is widely investigated. Pre-formed plasmas [3, 4] yield significant
enhancements at the cost of an increase in the x-ray pulse duration. Recent literature reports
impressive enhancements in soft [5] and moderately hard x-ray regions [6] using structured
surfaces, viz. gratings [5, 7, 8], “velvet” coatings [9], porous and nanocylinder [4, 8, 10]
targets. However, little attention has been paid to examine ways of improving the very
hard (> 10 keV) x-ray yield, a signature of hot electrons created in the plasma mainly by
resonance absorption (RA) [11], in the intensity regime 1014 − 1015 Wcm−2. Enhanced x-
ray yield, therefore, implies enhanced hot electron production, an issue that is of immense
interest to inertial fusion research [12] and particle acceleration [13].
In this Letter, we demonstrate a method to enhance hard x-ray bremsstrahlung by coating
nanoparticles (NP) on optically smooth metal targets. We report a 13-fold enhancement in
the total x-ray emission in the 10-200 keV range using copper NP coated targets and show
that they yield hotter electrons in comparison to optically polished, uncoated targets. These
results are well explained by a simple model that invokes local electric field enhancement
via surface plasmon excitation and ‘lightning rod’ effects. In addition, our model provides
clear guidelines to the design of surface microstructures that would maximize hot electron
and x-ray yields. The giant enhancement in nonlinearity that such fractal structures provide
[14] and the ease of patterning such targets can prove invaluable in the design of efficient
ultrashort x-ray sources.
Our Ti:Sapphire laser system generates 806 nm, 100 fs (FWHM) pulses with 5 mJ energy
per pulse. The pulses have a contrast ratio of 105 with the pedestal in picosecond timescales.
A detailed description of the experimental set-up can be found elsewhere [15]. P-polarized
laser pulses are focused on targets housed in a vacuum chamber at 10−3 Torr. A 1mJ laser
pulse yields a peak intensity of 1.3× 1015 Wcm−2 at a typical focal spot size of 40 µm. The
target is constantly rotated and translated in order to avoid multiple laser hits at the same
spot. X-ray emission from the plasma is observed in the plane of incidence, at 45◦ to the
target normal, with a NaI (Tl) scintillation detector, wherein energy of the incident photon
determines the amplitude of the PMT signal yielding energy-dispersed yields in the observed
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energy range. The detector is gated with the laser pulse and the signal is collected only in
a time window of 30 µs, to ensure background-free acquisition. The observed spectrum is
essentially bremsstrahlung as the characteristic emissions are blocked by the 5-mm BK-7
window of the chamber.
We use two types of Cu NP coated targets, one with spherical (inset of Fig. 1) and
the other with ellipsoidal nanoparticles (SNP and ENP, respectively). Their emission is
compared with highly polished copper targets. Cu nanoparticles are deposited by high
pressure dc sputtering [16] on such polished copper discs (held at 0◦C for spherical particles
and at −50◦C for ellipsoids). The resulting nanocrystalline Cu films are optically flat and 1
µm thick. The coherently diffracting crystallographic domain size (dXRD) is obtained from
x-ray diffraction line broadening, using the Scherrer technique. For a film deposited in 180
mTorr Ar environment at a sputtering power of 200W, we obtain dXRD = 15nm. The aspect
ratio is obtained from a comparison of dXRD calculated from (111) and (200) diffraction lines.
For basic optical characterization, the linear absorption spectra are measured (Fig. 1). The
ENP (aspect ratio ∼ 1.5) have comparatively less absorption in the linear regime, in contrast
to their behavior at higher intensities, as discussed later.
The reflectivity data were fitted to the Drude model for λ > 650 nm, below which the
inter-band transitions contribute to the dielectric function. Assuming a constant plasma
frequency and with a collision frequency adjusted for a best fit, we get ǫ as a function of λ.
The fits yield effective permittivity (ǫ′+iǫ′′) of the NP-void composite. Using the generalized
Bruggeman effective medium approximation [17], the permittivities of the SNP and ENP
are obtained as −27 + i33 and −27 + i44.4 respectively, as opposed to their bulk value
of −27 + i2.5. Extensive studies have been carried out on the variation of the dielectric
constant with particle size [18, 19]. The real part of the dielectric constant is shown to be
unaffected in most systems, unless the particle size is extremely small. The imaginary part
increases due to the limited electron mean-free path in the NP [20]. The imaginary parts
mentioned above are, however, much larger than the theoretically predicted values [20] and
this mismatch is likely to be due to the factors like particle size distribution and dipole
interactions between particles that are excluded in the modeling. However, this discrepancy
does not significantly affect the interpretations of our results, as will be evident later.
To elucidate the role of nanoparticles in hot electron generation in two distinct regimes
of RA, we present hard x-ray bremsstrahlung data at two angles of incidence, 10◦ and 45◦.
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For a flat target, collisional absorption is expected to be the main contributor at 10◦, while
RA is expected to play a major role at 45◦. Fig. 2 presents a comparison of bremsstrahlung
emission for 10◦, measured at a solid angle of 720 µSr, from the polished and SNP-coated
copper targets irradiated at 2.0× 1015 Wcm−2. The total energy emitted per laser pulse in
the above range from the polished target is 2.2 × 10−12 J, whereas it is 1 × 10−11 J from
the nanoparticle coated target, assuming isotropic emission. It is clearly evident that there
are two temperature components (6 keV and 14 keV) in the spectrum from the NP-coated
target, while the higher component is insignificant in the emission from the polished target.
The hot electron temperature given by RA is expected to follow the scaling law [21]
Thot = 6×10
−5(Iλ2(Wcm−2µm2)) 0.33, where I is the intensity and λ is the laser wavelength.
These parameters, at 2×1015 Wcm−2 yield Thot = 5.8 keV, close to the observed hot electron
temperature for polished targets. The NP coated targets, however, yield a significantly
higher temperature component, which arises from the excess absorption caused by local
field enhancements as we show below.
Modification of electric field due to surface protrusions has been well studied in connection
with second harmonic generation [22] and surface enhanced Raman scattering [23]. At higher
intensities, the electric field resonance is known to be a major source of hot electrons in a
cluster plasma [24]. However, this idea has not been utilized so far to understand the excess
absorption of intense laser light on modulated surfaces.
For simplicity, the NP target is modeled as a collection of hemispheroids of permittivity
ǫ, embedded on a flat substrate kept in vacuum, as shown in the inset of Fig.3 (a). Consider
a p-polarized wavefront of amplitude E, incident at an angle θ to the major axis of the
spheroid. The model becomes much simpler with the assumption that the field along the
major axis alone contributes to the enhancement. Thus, the resultant electric field at any
point on the surface of the hemispheroid becomes
Er = E
surf
L
+ E cos θxˆ, (1)
where Esurf
L
is the locally enhanced field and E cos θ is the tangential component of the
incident electric field on the metal surface. The enhanced local field on the surface of the
spheroid can be computed as [22]
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Esurf
L
= [Lsurf‖ sinαηˆ + L
surf
⊥ cosαξˆ]E sin θ, (2)
where Lsurf‖ and L
surf
⊥ are the local field correction factors given by
Lsurf⊥ = LRǫ/[ǫ− 1 + LR[1 + i
4π2V
3λ3
(1− ǫ)]] (3)
and Lsurf‖ = L
surf
⊥ /ǫ, which is absent for metals, as there cannot be a parallel com-
ponent of electric field on the metal surface. LR is the ‘lightning rod’ factor defined as
LR = 1 − ξQ
′(ξ)/Q(ξ), where ξ = [1−(b/a)2]−1/2 and Q(ξ) = (ξ/2)ln[(ξ+1)/(ξ−1)]−1.
V is the volume of the spheroid. The maximum enhancement occurs towards the tip of the
structure (low α values). The effective intensity at the tip (α = 0◦) can be written as
Ir = Iin[(L
surf
⊥ )
2 sin2 θ + cos2 θ]. (4)
The local field correction factors have a resonant behavior with a/b, the aspect ratio of
the spheroid, as shown in fig.3 (a). The dielectric constant, ǫ, is assumed to be a function
of the particle diameter, viz. ǫnano = ǫ
′
bulk + iǫ
′′
bulk(1 + l/b), where l is the mean free path of
the electrons [18]. As is evident, silver NPs with aspect ratios close to the resonance values
will yield greater enhancement than similar ones of gold and copper, although the absolute
values could be affected by the possible plasma screening effects for large aspect ratios.
Fig. 3 (b) provides the variation of dielectric functions of bulk Cu and ENP with input
laser intensity, derived from self-reflectivity measurements [25]. The deviation from room
temperature values occurs only above 1014 Wcm−2. In fig. 3 (a), the resonance behavior
depends on ǫ, although Lsurf⊥ does not depend critically on ǫ for small a/b values. Thus, in
the present study, the room temperature values of ǫ will be quite good approximations in
the calculations as Lsurf⊥ will be more or less the same even for a drastically different plasma
ǫ (‘stars’, fig.3 (a)) and the plasma shape remains intact as it is a femtosecond interaction.
Substituting the value of Lsurf⊥ for the spherical particle, we obtain Ir/Iin ∼ 1.4, at θ =
10◦. Thus, the NP-coated target is equivalent to a polished target with a rescaled (enhanced)
intensity. Fig.2 (inset) provides a comparison of the original data of yields of SNP and
polished targets with the data obtained by rescaling the points for the NP target by Ir = 1.4I,
and they are in reasonably good agreement. The apparent convergence of the yields was
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due to the peeling of the NP coating at high intensities and does not indicate any closure
of the nanostructures.
Fig. 4 presents a comparison of bremsstrahlung emission, measured at a solid angle of 22
mSr, from the polished, spherical and ellipsoidal NP-coated Cu targets irradiated at 45◦, at
6.0× 1014 Wcm−2. The total energy emitted per pulse from a polished target is 4.2× 10−14
J, while it is 5.7×10−13 J using the ENP target, assuming isotropic emission. This amounts
to a 13-fold enhancement in hot electron production at an intensity which is less than half of
that used for 10◦ incidence. The spherical nanoparticles yield 1.4× 10−13 J, giving ∼ 3-fold
enhancement as at the lowest intensity at 10◦. Two temperature components, 3 keV and 11
keV, are observed in the spectrum from both NP-coated targets, whereas the higher compo-
nent is hardly present in the emission from polished target. That the ellipsoidal nanoparticles
give more than 4 times yield than the spherical particles is easily understood from Fig. 3
to be due to the enhancement of both ‘lightning rod’ effect and plasmon resonance. An
intensity rescaling, as above, gives Ir/Iin ∼ 9, almost in agreement with the x-ray yield
enhancement as predicted by RA (∼ I4/3). The RA scalings are equally applicable for NP
targets as their dimensions are much smaller than λ. The higher component Thot obtained
using ENP target corresponds to that obtained using a polished target at 9× 1015 W cm−2
(close to the rescaled intensity for the ellipsoidal particle), as reported in our earlier work
[26].
The field enhancements are also responsible for enhanced nonlinearities [14]. Thus, multi-
photon ionization in an NP target will be significantly enhanced as compared to the polished
targets, which, in turn results in denser plasma formation and excess energy absorption. Due
to the enhanced local fields and finite size of the surface protrusions, the oscillation energy
of electrons reach a high value even at moderate intensities [27]. At higher intensities, these
‘hot’ electrons yield bremsstrahlung and characteristic emissions in hard x-ray regime, when
they undergo collisions.
Intensity enhancements by the surface structures could form pre-plasma for low contrast
pulses, which would destroy the structure and adversely affect enhancement by the main
pulse [9]. In our case, however, pre-plasma formation is negligible as the threshold intensity
for plasma formation is 1012−1013 Wcm−2 [28], and our pre-pulses have intensities lower than
this, given our contrast and enhancement factors. The observed enhancements themselves
substantiate the integrity of the structure and the irrelevance of pre-formed plasma in our
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case.
In summary, we report a 13-fold enhancement of the total bremsstrahlung emission in
the 10-200 keV range from a copper nanoparticle-coated target in comparison to an opti-
cally polished Cu target. A simple model of the surface shows that enhancements in local
electromagnetic fields result in excess absorption and hotter electrons that, in turn, enhance
x-ray emission. Such enhanced emission is very attractive for practically viable hard x-ray
sources. Further, our model provides guidance for designing better sources of ultrashort
hard x-ray pulses; further studies are in progress towards this goal. The intensity levels we
have used in this study are quite modest and are easily available from modern femtosec-
ond lasers operating at multi-kHz repetition rates [29], making applications of nanoparticle
coated targets very promising.
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FIG. 1: Linear absorption spectra of polished and nanoparticle coated targets. Inset: SEM image
of spherical NP coated target. The solid lines show the Drude model fits.
FIG. 2: Bremsstrahlung emission from smooth and SNP coated targets at 10◦. The inset shows
the variation of integrated emission with input laser intensity.
FIG. 4: Comparison of bremsstrahlung emission from polished and spherical and ellipsoidal NP
coated targets at 45◦. The exponential fits yield temperatures.
FIG. 3: (a):Enhancement factor at λ = 806 nm as a function of the aspect ratio for different metals,
for b = 7nm. Lsurf⊥ for ǫ = 10 + i30 is shown stars. Inset: spheroidal model for Nanoparticle. (b):
Variation of dielectric functions of bulk Cu and ENP with intensity
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